A coating technique is being developed to correct the surface figure deviations in grazing-incidence X-ray optics. These optics are typically designed to have precise conic profiles, and any deviation in this profile, as a result of fabrication, results in a degradation of the imaging performance. To correct the mirror profiles, physical vapor deposition has been utilized to selectively deposit a filler material inside the mirror shell. The technique, termed differential deposition, has been implemented as a proof of concept on miniature X-ray optics developed at MSFC for medical-imaging applications. The technique is now being transferred to larger grazing-incidence optics suitable for astronomy.
INTRODUCTION
The achievable angular resolution with present day light-weight, grazing-incidence X-ray telescope optics, made of either electroformed nickel or other replication techniques, is of the order of 10 arc seconds. These optics are typically fabricated to have Wolter I optical configuration or conical approximation of the same 1 . The inherently low stiffness of large-area, light-weight mirrors causes deformations in their figure profile which can arise at various stages of processing i.e. from fabrication to mirror mounting. This profile deformation is one of the key factors that limits the imaging quality of the optics. One potential approach to overcome this limitation, and to obtain an improved resolution with Xray optics, is a deposition technique termed 'differential deposition'. This technique uses the concept of depositing varying thickness material on the mirror's surface to minimize the figure errors that cause image degradation. The proof-of-concept of this technique has been successfully implemented on small-scale, full-shell grazing incidence X-ray optics, intended for medical imaging 2, 3, 4 and at the time of writing the system is being scaled up for use with astronomical x-ray mirrors. This paper discusses the technique and its potential for correcting these larger x-ray optics.
CONCEPT
The goal of differential deposition is to minimize the surface-figure errors in grazing-incidence X-ray optics by selective deposition. Radio-Frequency sputtering is used to achieve this, as this has been demonstrated to produce highquality smooth films, a key requirement for efficient x-ray reflection. The RF process lends itself readily to a concentric geometry wherein the target rod is oriented down the center of the X-ray shell, with a mask positioned between the two.
The mask has a slit that defines the extent of deposition on the shell as shown in Figure 1a . The size of the slit is determined based on the spatial frequency/wavelength under correction. The shell is translated while being rotated during the deposition as shown in Figure 1b . The variability in this translation speed determines the thickness of material deposited on the mirror surface along its axial position. Figure 1 .a) Geometrical cross-section depicting the differential deposition process. Material sputtered from the target rod passes through the slit and gets deposited on the inside of the mirror surface, which can translate with variable velocity. b) Sketch depicts the shell rotation and translation over the mask.
IMPLEMENTATION
To implement the correction technique, the figure profile of the shell is first measured and is then compared to the desired theoretical profile. The difference between the two, termed 'hitmap' gives a template for correcting the optic. Simulations play a key role in implementing the differential deposition process, being used to determine the parameters for figure correction. The slit size of the mask is chosen based on the size of the particular features to be corrected: too broad a slit will never correct a narrow feature, while a very narrow slit will be an inefficient means of correcting a broad feature. The chosen slit is positioned as close to the shell as possible to give the best-defined coating profile, and the highest coating rates. The profile of the sputtered beam can then be simulated and fit with an analytical curve. As shown in Figure 2 , the superposition of many such curves is then used to generate the desired coating profile, varying the amplitude of the curve at each position (ie the thickness of material deposited) to achieve this. The desired coating amplitude is then converted to a mask dwell time, knowing the coating rate in the chamber. These data then serve as the input to the computer system controlling the chamber translation stage. Simulations were used to determine the optimum approach to correcting the mirror shells. It was found in the proof of concept study that broad features, which were typically large amplitude, should be corrected first using relatively coarse masks, and then progressively finer features, with typically smaller amplitude deviations, should be tackled with progressively smaller mask slits. Thus several stages of correction could be needed, depending upon the current and the desired mirror shell angular resolution.
POTENTIAL OF THE TECHNIQUE
Simulations performed show that under ideal conditions sub-arcsecond resolution is possible with the differential deposition correction. Table 1 shows the simulated potential improvement that can be achieved with different stages of depositions, for an astronomical X-ray shell fabricated at MSFC that has about 8 arc sec HPD before correction. Figure  3a shows the simulated hitmap before and after the 1 st stage of correction and Figure 3b demonstrates the improvement obtained in hitmap after the 4 th stage of correction specified in Table 1 . These data indicate that in theory sub-arcsecond figures are possible with this correction technique. The above simulations, however, assumed that the shell figure errors were circumferentially symmetric and thus that all meridians can be corrected the same way -in practice there can be some variations around the shell. These circumferential variations, however, can be dealt with if necessary by using slits of limited azimuthal extent, and then rotating the shell around the mask with variable velocity to vary the coating thickness around the shell as well as along it. In this way, the full inside surface of the shell could be corrected given, of course, adequate metrology.
For cases where meridional profiles are similar, we are investigating the use of custom masks that could correct the full optic length simultaneously. Simulations done established that it is straight forward to design a mask with a slit that extends the full length of the optics, but of a varying width designed to match the profile to be coated. The shell to be corrected is then rotated around the mask and the regions with greater slit width receive larger amounts of coatings than those areas where the slit is finer. Several such masks would be used of varying spatial scales for different stages of 
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After Correction correction, as before. Each mask would need to be custom built for a particular shell, but could be easily fabricated on a CNC machine.
PRACTICAL LIMITATIONS
The main limitation in the proof-of-concept tests performed on the small-animal-imaging optics was the inherent error in the contact profilometer that was used for shell metrology 2 . This type of metrology was necessitated by the very small shell diameter which ruled out the use of the much-more-accurate non-contact interferometric profilometers that are typically used at MSFC for inside shell metrology of astronomical optics. As well as shell metrology there are errors in the registration of the mask relative to the shell, as well as uncertainties in deposition rate and actual beam profiles (which can vary while depositing inside a tapering mirror shell) all of which would degrade the improvements possible. To assess their impact, simulations were done for some of these effects to get a better understanding of what may be practically achievable in terms of optic improvement. Table 2 shows the simulated values of the effect of metrology accuracies for the first three stages of corrections mentioned in Table 1 . From these, we can see that for the full benefit of the first stage of correction, a metrology accuracy of +/-10 nm is adequate, whereas for the second stage of correction this must improve to ~ +/-5 nm to see any significant improvement (ideally to +/-1 nm). For the third stage, the metrology must be progressively more accurate to realize the full benefits of correction. Putting these numbers in context, the contact-stylus profilometer used on the small-animal-imaging test optics had a limitation of around +/-20 nm, whereas the best profilometers currently available at MSFC will achieve better than 5 nm. The current state-of-the-art is around +/-1.5 nm; if this were implemented on our optics it would permit a correction to just above 0.5 arcsec. Table 3 shows the uncertainties modeled in shell registration, to gauge the required accuracy. It is evident from these results that these uncertainties are not that critical and even for the highest stages of correction standard machining tolerances (+/-0.25 mm) are adequate. 
APPLICABILITY TO OTHER X-RAY MIRRORS
Although the above discussion has concentrated on full shell optics, of the type fabricated at MSFC, the technique works equally well with segmented optics with a straightforward change of coating geometry as shown in Figure 4 . Given a 2-d topographical map of the surface to be corrected, a 2-d Gaussian beam can be scanned over the surface at variable velocity to effect the correction. As with the full shell optics, successively finer beams can be used to improve the figure. Further, the segmented optics lead themselves readily to corrections while fully mounted, making this task easier than with full shell optics. It is also possible to use the differential deposition technique to figure optics and so a short reflector of long focal length (i.e. with a small sag) could be figured from a simple-to-fabricate flat surface into a Wolter or other geometry.
Potential missions that would benefit from this technology investigation include the International X-ray Observatory 5 (IXO), the Generation-X mission 6 concept, and proposed or potential Explorer-class x-ray telescopes.
Among the latter is the Wide-Field X-ray Telescope 7 (WFXT) concept. For IXO the science requirements set an angular resolution of 5 arcsecond or better. One of two proposed competing versions of the IXO flight mirror assembly utilizes segmented glass optics. In this design, commercially-available glass segments are thermally slumped onto properly figured mandrels by softening the glass at high temperature. After trimming and depositing an optical coating, the slumped-glass mirrors are aligned and assembled into a Wolter type-1 (paraboloid -hyperboloid) configuration. The currently measured half-energy width of a single mirror pair is significantly better than 10 arcsecond 8 . The dominant contributors to the image blur are low-order axial-figure errors: mean axial sag (sagittal depth) and azimuthal variations in axial slope and axial sag. The amplitude of these errors is a few-to-several tenths of a micrometer (i.e., a few-toseveral hundred nanometer). This is in the range of surface-error amplitudes that differential deposition can correct.
High-resolution, wide-field X-ray optics, along with large collecting areas, are key to WFXT's scientific power to carry out large surveys in a short time. WFXT needs full-shell mirrors with better than 10 arcsecond (half-energy width, HEW) resolution across its entire 1 square degree field of view, with a goal of 5 arcseconds. Modeling has shown a factor-of-two gain in point source sensitivity with 5 arcsecond resolution and a factor-of-three improvement in indentifying faint (100 counts or less) sources as extended or point-like, compared with a 10 arcsecond HEW telescope. The challenge to maintaining high angular resolution is to figure short reflectors while avoiding shell-end effects, and mounting the mirror shells without incurring additional figure distortions. For the short mirror shells of WFXT, differential deposition can figure the prescribed sagittal depth onto a cone prior to mounting and then compensate in situ for any distortions introduced by mounting the mirrors.
CONCLUSIONS
The paper discusses the development of a physical-vapor-deposition coating technique to correct residual figure errors in grazing-incidence optics. The process involves selectively depositing a filler material to smooth out the lowto-mid-spatial-frequency errors that typically dominate the performance of x-ray optics. Simulations indicate that given adequate metrology, substantial improvements in angular resolution are possible through application of the technique. The process is applicable to full shell or segmented optics, either mounted or un-mounted, and can in principal also be used to figure short reflectors. The status of the implementation of this deposition process was reported in this paper along with the discussion on its potential applicability to different kinds of X-ray optics and the possible limitations of the technique.
